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ABSTRACT 
The adhesion of artificially generated lipid membrane vesicles to Chinese hamster 
V79 fibroblasts in suspension was used as a model system for studying membrane 
interactions. Below their gel-liquid crystalline phase transition temperature, vesi- 
cles  comprised  of  dipalmitoyl  lecithin  (DPL)  or  dimyristoyl  lecithin  (DML) 
adsorbed to the surfaces of EDTA-dissociated cells. These adherent vesicles could 
not be removed by repeated washings of the treated cells but could be released 
into the medium by treatment with trypsin. EM autoradiographic studies of cells 
treated with  [3H]DML or [3H]DPL vesicles showed that most of the radioactive 
lipids  were  confined  to  the  cell  periphery.  Scanning  electron  microscopy  and 
fluorescence microscopy further confirmed the  presence of adherent vesicles at 
the cell surface. 
Adhesion  of DML  or  DPL vesicles to  EDTA-dissociated  cells modified the 
lactoperoxidase-catalyzed  iodination  pattern  of  the  cell  surface  proteins;  the 
inhibition of labeling of two proteins with an -60,000-dalton mol wt was particu- 
larly evident. Incubation of cells with 3H-lipid vesicles followed by sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis showed that some of the 3H-lipid 
migrated preferentially with these 60,000-mol wt proteins. 
Studies of the temperature dependence of vesicle uptake and subsequent release 
by trypsin showed that DML or DPL vesicle adhesion to EDTA-dissociated cells 
increased  with  decreasing  temperatures.  In  contrast,  cells  trypsinized  before 
incubation with vesicles showed practically no temperature dependence of vesicle 
uptake. 
These results  suggest  two  pathways  for adhesion  of lipid  vesicles to the  cell 
surface-a temperature-sensitive one involving cell surface proteins, and a  tem- 
perature-independent  one.  These  findings  are  discussed  in  terms  of  current 
models for cell-cell interactions. 
The biochemical  and  physical  properties of cell 
surface  membranes  are  of  fundamental  impor- 
tance to our understanding of the complex phe- 
nomena underlying cell-cell interactions. One ap- 
proach toward elucidating  these properties is to 
substitute  a synthetic membrane surface of known 
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membrane  surfaces.  Thus,  in  principle,  it should 
be possible to isolate electrostatic, structural,  and 
dynamic  contributions  to  the  interaction  process 
by  controlled  and  systematic  variation  of  the 
chemical and  physical  properties  of the synthetic 
membrane  surface.  This kind of approach  to the 
study of membrane interactions has become possi- 
ble in recent years by the development and charac- 
terization of model lipid dispersion systems whose 
molecular structure and properties closely approx- 
imate  those  of  the  lipid  component  of  natural 
membranes.  Detailed  reviews  on  the  formation 
and  properties  of the liquid crystal,  liposome, or 
lipid  vesicle  system  can  be  found  elsewhere  (3, 
36). 
Although  the  interaction  of such  vesicles with 
cells has been the subject of much recent intensive 
investigation, these studies have dealt in large part 
either with the fusion of phospholipid vesicles with 
cells, or with the modifications of cell behavior by 
lipid vesicle treatments (1, 4, 7, 9,  12,  17,  18, 20, 
23-26,  29,  31,  33,  37,  38,  40).  For  example, 
previous  studies  from  this  laboratory  utilizing 
Chinese hamster V79 cells (17,  25, 26) or mouse 
thymic lymphocytes (18)  have demonstrated  that 
vesicle-cell fusion,  accompanied  by a  minor vesi- 
cle-cell  lipid  exchange  component,  is  the  major 
pathway of uptake  for egg yolk lecithin (EYL) or 
dioleoyl lecithin (DOL) vesicles. It should be noted 
that the vesicles used in these studies had a "fluid" 
membrane character since their gel-liquid crystal- 
line phase  transition  temperature  (To) is well be- 
low  the  temperatures  (0~176  over  which  the 
vesicle-cell  interaction  studies  were  carried  out. 
The interaction of dimyristoyl lecithin (DML) ves- 
icles with V79 cells was also studied and was found 
to  exhibit  an  enhanced  uptake  at  a  temperature 
below its T,. (17), but its mechanism of uptake was 
not further explored. 
In  the  present  study,  we  show  that  vesicles of 
the  appropriate  molecular  composition  have  a 
high  affinity for  the  V79  cell surface  but  do  not 
undergo vesicle-cell fusion. Thus,  this system can 
be  used  to  study  membrane-membrane  interac- 
tions in the manner described above. In particular, 
it is shown that unilamellar lipid vesicles (-500 
diam)  generated  from  DML  (T~  -~20.9~  [22]) 
or DPL (Tc  ~36.4~  [22])  are taken  up at tem- 
peratures  below their  Tc  by  V79  cells in  suspen- 
sion  primarily  through  the  formation  of a  stable 
adsorption  or adhesion  of vesicles to the cell sur- 
face. It is further demonstrated that this vesicle-to- 
cell adhesion  depends on the presence  of several 
celt surface proteins which have a high affinity for 
"rigid"  vesicle  lipids.  A  preliminary  report  of 
these findings appears elsewhere (28). 
MATERIALS  AND  METHODS 
Cell Culture and Preparation of Single 
Cell Suspensions 
Chinese hamster V79 lung cell fibroblasts  (35) were 
used  in this  study.  Cells were grown on Falcon plastic 
tissue culture plates (Falcon Plastics,  Div. of BioQuest, 
Oxnard,  Calif.) in  Eagle's minimum essential  medium 
(MEM) supplemented with 15% fetal calf serum (Grand 
Island Biological Co., Grand Island, N. Y.), 0.2 % lactal- 
bumin  hydrolysate  (Grand  Island  Biological  Co.)  and 
58.5  mg/liter L-glutamine. 
Cell monolayers which  had just attained a confluent 
state  (-2  x  10 r cells  per  140-mm  diam  culture  dish) 
were used for preparing suspensions  of single cells. Such 
cultures were usually obtained by inoculating 1.2-1.4  ￿ 
104 cells/era 2 culture dish  and  incubating for 2 days  at 
37~  in an atmosphere of 5% COz in air. Overcrowded 
cultures  failed  to  give  a  well-dispersed  population  of 
single cells and were avoided. EDTA-dissociated cells (E 
cells) were prepared as follows. Monolayer cultures were 
rinsed three times with Puck's Ca  2+- and Mg2+-free saline 
(CMF)  (32),  and  incubated  (10  ml/plate)  with  1 mM 
EDTA in  10 mM Hepes (N-2-hydroxyethylpiperazine- 
N'-2-ethane  sulfonic  acid)-buffered  Ca  2§  and  Mg  2§ 
free saline  (HCMF; 8.0 g NaC1, 0.4 g KCI, 0.09 g Na2 
HPO4:7H20,  1 g dextrose, 2.38 g Hepes, and 4.8 ml 1 
M NaOH in 1,000  mt H20, pH 7.4) for 15 min at 37~ 
on a gyratory shaker operating at I00 rpm. The detached 
cells were centrifuged (200 g, 4 min, 4~  washed twice 
in CMF, and finally suspended in  HCMF. For trypsin- 
ized cells (T cells),  monolayer cultures were dissociated 
with  EDTA  as  described  above  and  subsequently 
washed  twice  in  CMF  containing  1  mM  Ca  2§  The 
washed  cells were then suspended in 0.01%  crystalline 
trypsin  (type I, Sigma Chemical Co., St. Louis, Mo.) in 
HCMF containing 1 mM Ca  '~+ (10 ml/2 x  107 cells) and 
incubated  for  10  min  at  37~  Cells were then  centri- 
fuged  and  resuspended  in  CMF containing  0.1%  soy- 
bean  trypsin  inhibitor (type l-S, Sigma Chemical Co.). 
The  cells  were  washed  two  more  times  in  CMF  and 
finally suspended in HCMF. The viability of trypsinized 
cells,  assessed  by  trypan  blue  dye  exclusion,  was  not 
significantly  different from that of E cells (>90%). 
BALB/c 3T3 cells, used in EM autoradiographic con- 
trol experiments (see below), were grown in Dulbecco's 
modified  Eagle's medium  with  10%  calf serum  in  an 
atmosphere  of 5%  CO2  in air at  37~  Cultures were 
incubated overnight with washed  (39, 41) latex beads (2 
/~m  diam;  Dow  Chemical Co.,  Midland,  Mich.),  and 
subsequently washed  free of unincorporated beads with 
Puck's saline  before use. 
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Dimyristoyl  lecithin  (DML),  dipalmitoyl  lecithin 
(DPL),  di-[14C]myristoyl  lecithin  ([14C]DML),  and  di- 
[3H]palmitoyl  lecithin  ([aH]DPL)  were  synthesized  as 
described  elsewhere  (17).  [3H]DML  and  [aH]DPL  of 
high specific activity  (>5  Ci/mmol) were  prepared by 
catalytic  hydrogenation  of  the  appropriate  precursors 
with tritium gas as described (17). To ensure complete 
hydrogenation of the samples, the radioactive products 
were further hydrogenated with H~ gas and fresh cata- 
lyst.  Both  the  unlabeled  and  radiolabeled  DML  and 
DPL  samples were  purified in an identical manner by 
gradient elution of silicic acid columns using chloroform 
and  methanol  as  the  eluting  solvents.  The  unlabeled 
samples exhibited a single spot on thin-layer chromatog- 
raphy (TLC;  ->500 /xg applied/spot). The radiolabeled 
samples  were  further analyzed for purity  as  described 
below.  All lipids were  stored under N2  at  -15~  and 
periodically examined for purity. 
TLC  analysis of the  purified  [3H]DML,  [14C]DML, 
and [3H]DPL samples was carried out using silica gel H 
TLC plates (5  x  20 cm; -> 104 dpm applied/plate) devel- 
oped  with  chloroform:methanol:7  M  ammonium  hy- 
droxide  (230:90:15,  by volume) or chloroform:metha- 
nol:acetic  acid:water  (25:15:4:2,  by  volume)  as  the 
developing solvent systems.  The  developed ehromato- 
grams  were  air  dried  and  scraped  into  5-mm  wide 
zones along the entire length of the TLC plate using a 
manual TLC zonal scraping device (Analabs Inc., North 
Haven, Conn.). The silica gel from each zone was subse- 
quently  assayed for radioactivity by liquid scintillation 
counting. This analysis revealed that virtually all of the 
radioactivity  (>99+%)  chromatographed  with  an  Rr 
value of known lecithin standards, using either develop- 
ing solvent system. No radioactivity was detected in the 
region of the chromatogram corresponding to the posi- 
tions of free fatty acids or lysolecithin. 
The methyl esters derived from the radioactive DML 
and DPL samples were subjected to gas-liquid chromato- 
graphic analysis using a Hewlett-Packard Co. (Palo Alto, 
Calif.) 5711A gas chromatograph equipped with an ef- 
fluent splitter and a  gas fraction collector (Packard In- 
strument Co., Inc., Downers Grove, I11.). All the radio- 
activity (>99%) eluted as methyl-[3H]  - or [14C]myristate 
and methyl-[3H]palmitate, respectively. 
Unilamellar lipid vesicles were prepared by sonication 
(15, 17) in HCMF and used immediately. All sonications 
were  carded  out  in  an  argon  atmosphere  under  the 
following conditions: DPL (30 min; 45~  and DML (30 
min; 40~  To  test for lipid degradation which might 
result during sonication (13), aliquots of freshly prepared 
[~4C]DML,  [aH]DML, or [aH]DPL vesicles were lyophi- 
lized and dissolved in chloroform :methanol (1:1). When 
these  samples  were  subjected  to  TLC  analysis  (-104 
dpm applied/TLC plate) as described above, no radioac- 
tivity was found migrating as free fatty acid or lysoleci- 
thin. This finding obtained with radioactive DML and 
DPL is in agreement with other reports (16, 38) showing 
no detectable degradation of lecithins following a similar 
sonication procedure. 
Vesicle Uptake 
Freshly prepared cells were incubated in HCMF with 
radiolabeled vesicle suspensions for different time inter- 
vals.  Incubation conditions were  chosen such that the 
applied vesicles were present in great excess with respect 
to the number of cells (4  ￿  106 cells/ml;  1 mg vesicle 
lipid/ml;  >10  r vesicles/cell). Incubations were  stopped 
by  washing the  cells three  times with chilled  HCMF. 
Each  washing  was  carded  out  in  a  new  test  tube  to 
eliminate high background counts due to the nonspecific 
adsorption  of vesicles to  the  glassware.  The  final cell 
pellet was  air-dried, solubilized in  10%  Triton X-100, 
and counted in a liquid scintillation counter. Duplicate or 
triplicate  measurements  were  made  and  the  variation 
was within • 
Electron  Microscopy 
For scanning electron microscopy, cell suspensions in 
HCMF were plated onto clean glass cover slips (5 min, 
22~  and fixed (30 min, 22~  with 3% glutaraldehyde 
in 0.05 M cacodylate buffer (pH 7.1). The cultures were 
rinsed twice with HCMF and then fixed (15 min, 22~ 
in 1% OsO4 dissolved in 0.3 M cacodylate buffer. After 
a  rinse  in distilled water,  the preparations were  dehy- 
drated  with  increasing concentrations of ethanol.  The 
ethanol was then replaced with acetone. The latter was 
replaced by liquid CO2 and the samples were dried in a 
Sorvall  Critical  Point  Drying  System  (DuPont  Instru- 
ments,  Sorvall  Operations,  Newtown,  Conn.).  Speci- 
mens were  coated with gold and examined in a  Cam- 
bridge stereo scan microscope operating at 30 kV. 
EM  autoradiographic  studies  employing  [aH]DML 
(-40 mCi/mmol) or  [ZH]DPL  (-3  mCi/mmol) vesicles 
were carried out as previously described (8, 17, 27). In 
control  experiments,  cells  incubated (1  h;  37~  with 
[3H]DPL were washed three times in HCMF, and plated 
onto cultures of bead-labeled 3T3 cells.  After a brief co- 
incubation at 37~  the cultures were fixed in glutaralde- 
hyde, postfixed in OSO4, and processed for EM autora- 
diography as above. Electron micrographs were obtained 
with a JEOL  100S  microscope operating at 80 kV. 
Fluorescence Microscopy 
DPL vesicles containing trapped 6-carboxyfluorescein 
(6-CF; Eastman Organic Chemicals, Div., Eastman Ko- 
dak Co., Rochester, N. Y.) were prepared according to 
the method of Weinstein et al.  (37, 38) with modifica- 
tions. Briefly, DPL was suspended in HCMF containing 
20 mM 6-CF and sonicated as described above. The 6- 
CF-containing  vesicles were  then  separated  from  un- 
trapped dye by chromatography on Sephadex G-25 (2.5 
x  30 cm), using HCMF as the eluting buffer. Cells were 
incubated (1 mg vesicle lipid/ml; 4  x  106 cells/ml) with 
6-CF-containing vesicles, washed three times in HCMF, 
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ing epi-illumination. Exciting light from a  200-W mer- 
cury lamp was first passed through a heat filter and then 
through an appropriate combination of interference and 
barrier filters to give  maximum brightness for fluores- 
cein. 
Iodination  of Cells 
Cell surface labeling was performed as previously de- 
scribed (19, 30) with minor modifications. After incuba- 
tion (1 h, 2~  with vesicles, the cells were washed three 
times in  HCMF to ensure complete removal of excess 
lipid and suspended in chilled HCMF with 10 mM glu- 
cose at a  concentration of 4  x  100 cells/ml.  Na125I (5 
mCi/0.1 ml, carrier free, New England Nuclear, Boston, 
Mass.) was added at a final concentration of 200 or 400 
~Ci/ml,  followed  by  lactoperoxidase  (B  grade,  Calbi- 
ochem, San Diego, Calif.) and glucose oxidase (type V, 
Sigma Chemical Co.) at final concentrations of 20 ,o.g/ml 
and  0.2  U/ml, respectively. The reaction  mixture was 
incubated at 5~  for 7 min with occasional swirling, and 
the cells were sedimented and washed four to five times 
with HCMF.  Cell viability was not affected by iodina- 
tion. 
Sodium Dodecyl Sulfate-Polyacrylamide 
Gel Electrophoresis 
Sodium  dodecyl  sulfate  (SDS)-polyacrylamide  gel 
electrophoresis was carried out following the method of 
Laemmli  (21),  with  modifications. The  separation  gel 
solution consisted of 7.5% (or 15%) acrylamide, 0.37 M 
Tris-HC1  (pH  8.8),  0.2% N,N'-methylene-bis-acrylam- 
ide and 0.1% SDS. The gel was polymerized in a slab 1 
mm thick  x  17 cm in length by the addition of 0.05% 
(vol/vol) TEMED  (N,N,N',N'-tetramethylethylenedia- 
mine) and 0.05%  (wt/vol) ammonium persulfate. The 
stacking gel contained 3% (or 5%) acrylamide, 0.125 M 
Tris-HCl  (pH  6.8),  0.36%  N,N'-methylene-bis-acryl- 
amide, 0.1%  SDS and was polymerized under fluores- 
cent  light with 0.1%  TEMED  and  0.16%  riboflavin. 
The electrode buffer (pH 8.5) contained 6 g Tris, 28.8 g 
glycine, and 1 g SDS in 1,000 ml. Cells were dissolved in 
0.125 M Tris-HC1  (pH 6.8),  1% SDS,  10% glycerol, 2 
mM  phenylmethylsulfonylfluoride, and  0.001%  brom- 
phenol blue.  Molecular weight markers were obtained 
from  the  following  sources:  /3-galactosidase,  catalase, 
ovalbumin  and  cytochrome-c  (Sigma  Chemical  Co.); 
BSA  (Armour Pharmaceutical Co.,  Chicago,  I11.) and 
Con A  (Pharmacia Fine Chemicals, Div. of Pharmacia 
Inc., Piscataway, N. J.). After adding 5-10% 2-mercap- 
toethanol, the samples were placed in boiling water for 2 
min. Electrophoresis was carried out at 11 mA until the 
bromphenol blue marker reached a  distance of  13  cm 
from the top of the separation gel. 125I-Labeled gels were 
stained with  0.025%  Coomassie  Blue  in  25%  2-pro- 
panol  and  10%  acetic  acid  and  destained  with  5% 
ethanol  and  10%  acetic  acid.  For  3H-lipid-containing 
gels, staining was carried out overnight in 0.1% Coomas- 
sie  Blue in 15% TCA. Destaining was done with 10% 
acetic  acid  followed  by  replacement  with  a  dimethyl 
sulfoxide solution containing the scintillator 2,5-diphen- 
yloxazole (PPO) (6). Gels were dried under vacuum and 
autoradiographed  with  X-ray  film  (type  NS,  Eastman 
Kodak Co.). 
Extraction of 3H-lipids from polyacrylamide gel slices 
was performed by the  method of Bligh and Dyer  (5). 
The  extracted lipids were  separated  by TLC,  and  the 
radioactivity in individual spots was determined as de- 
scribed above. 
RESULTS 
ED TA-Dissociated  Cells 
Typical uptake data for EDTA-dissociated cells 
incubated with DPL vesicles are shown in Fig.  1. 
At  37~  constant  levels  of  uptake  are  reached 
after 5-10  rain, while at  2~  slightly longer incu- 
bations are  required  for  apparent  saturation.  At 
all times, the absolute amounts of DPL uptake at 
2~  are two to two and a  half times greater than 
that  at  37~  Kinetics  similar to  those  shown  in 
Fig.  1  are  observed with  DML,  but  its uptake  is 
always  less  than  when  DPL  is  used  (Table  I). 
Preincubation of cells (30 rain, 37~  with 5  mM 
NaN3  and 50  mM  deoxyglucose  has no effect on 
DPL uptake but reduces DML uptake at 37~  to 
about 80% of control values (Table I). The pres- 
ence  of  1  mM  Ca  ~+  and  1  mM  Mg  2+  during the 
vesicle-cell  incubation  results  in  a  slight  (-5%) 
enhancement of vesicle uptake. 
The  exogenous  phospholipid  which  becomes 
cell associated upon incubation with DML or DPL 
~  60[  ￿9  2"C 
U  40 
% 
a 
40  60 
TIME  (MINUTES) 
FIGURE  1  Uptake of [3H]DPL vesicles by EDTA-dis- 
sociated cells at 2 ~ and 37~ 
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Comparison of DPL and DML Uptake by EDTA- 
dissociated  and  Trypsinized  V-79  Fibroblasts  in 
Suspension 
Cell type 
Lecithin  uptake*, 
ggl4  x  10  ~  cellalh 
With metabolic 
Control  Temperature of  inhibitors:~ 
vesicle incuba- 
tion  DML  DPL  DML  DPL 
(~  % of Control 
EDTA-disso-  2  18.0  50.0  96  110 
ciated  37  6,5  20.1  80  110 
Trypsinized  2  7.5  19.3  105  109 
37  7.0  12.1  100  99 
* All experiments  were carried  out  in duplicate  or triplicate.  Variation  was 
within -*5%. 
:~ Cells were preincubated  with 5 mM NaN3 and 50 mM 2-deoxyglucose for 
30 rain at  37"C before  incubation  with  vesicles. The metabolic  inhibitors 
were also present  during vesicle-cell incubations. 
vesicles can be released by treatment with trypsin. 
Cells were incubated for 1 h  with DPL or DML 
vesicles  and  subsequently washed  (three  times) 
free of excess vesicles. Aliquots of the cells were 
then  subjected to  a  I0-min incubation with  an 
0.01% solution of crystalline trypsin (1 ml/4 ￿  10  ~ 
cells) at 22~  The reaction was stopped by addi- 
tion of a  10-fold excess  of trypsin inhibitor, and 
centrifugation of  the  cells.  Analysis of  the  cell 
pellet  and  supernate  revealed  that  varying 
amounts (-0-60%) of the cell-associated DPL or 
DML can be released into the medium by trypsin, 
depending on the temperature at which the initial 
vesicle-cell incubation is  carried  out  (Table  II). 
Prolonged incubation with trypsin (up to 30 min) 
does not further reduce the amounts of cell-associ- 
ated  DML  or  DPL.  All of the  radioactivity re- 
leased by trypsin is chloroform-methanol extracta- 
ble and chromatographs as lecithin. Spontaneous 
release  of  [aH]DPL  or  DML  from  cells  in  the 
absence  of  trypsin  is  negligible. The  release  of 
DPL or DML cannot be induced with heat-inacti- 
vated trypsin or with trypsin inhibitor alone. 
Incubation of cells with DML or DPL vesicles 
has  a  significant effect  on  the  susceptibility of 
certain  cell  surface  proteins  to  lactoperoxidase- 
catalyzed iodination. Fig. 2 A-C presents autora- 
diographs of the SDS-polyacrylamide (7.5%) gel 
electrophoresis patterns obtained for the proteins 
from 125I-labeled control cells (Fig. 2 A), and for 
cells preincubated for 1 h at 2~  with DPL (Fig. 
2 B) or DML (Fig. 2 C) vesicles. Although many 
of the radiolabeled bands are unaffected by vesicle 
treatments, the  extent of  t2H-labeling in  several 
regions  (I-V;  Fig.  2)  of  the  gel  was  obviously 
different  for  control  vs.  DPL  or  DML  vesicle 
treatments. A prominent difference is in region III 
of  the  gels  in  which  it  is  seen  that  two  bands, 
corresponding to  an  -6,000  dalton mol wt,  are 
heavily labeled  in  control  ceils,  and  apparently 
unlabeled in the vesicle-treated cases. In contrast, 
the labeling in regions I, II, IV, and V of the gels 
appears to be enhanced for DPL and DML treat- 
ments when compared to the control. Coomassie 
Blue-staining  patterns of the gels corresponding to 
Fig. 2 A-C were virtually identical. 
EDTA-dissociated  cells  were  also  incubated 
with  [aH]DML vesicles for  1  h  at  2~  and the 
cellular proteins from  washed  cells were  solubi- 
lized with  SDS and subjected to  polyacrylamide 
gel electrophoresis. Fig. 2 E, G shows the fluoro- 
graphic patterns obtained in this experiment with 
7.5 and 15% polyacrylamide gels. While most of 
the  an-radioactivity migrates at  the  front of the 
gel, presumably as SDS-DML micelles, a number 
of radioactive bands also appear throughout the 
gel. In particular, it is noteworthy that two specific 
bands (Fig.  2 E,  G,  arrows)  are  heavily labeled 
with tritium, and that the position of these bands 
corresponds  to  the  position  of  the  two  protein 
bands whose t2H-iabeling was inhibited by vesicle 
treatments (Fig.  2 B,  C).  All of the  aH-cpm  in 
these bands are chloroform-methanol extractable. 
More  than  75%  of  the  radioactivity chromato- 
graphs as lecithin, the rest as lysolecithin and free 
fatty acid. 
TABLE II 
Release of Cell-Associated DPL and DML Vesicles 
from  Cells by Trypsinization* 
Temperature of vesicle  Vesicle radioactivity  re- 
Vesicle type  incubation  leased from cells 
DML 
DPL 
(*c)  % 
2  40-50 
15  29-42 
32  5-12 
37  1-2 
2  55-62 
20  49-57 
37  3-9 
* E cells were incubated with unilamellar lipid vesicles 
for 1 h at indicated temperature,  washed, and treated 
with 0.01%  trypsin for 10 rain at 22~  Measurements 
represent the range of values found in four experiments. 
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cells. Autoradiographs are for the 1251-labeled proteins from (A) EDTA-dissociated cells (E cells), (B) 
DPL-treated E cells, (C) DML-treated E cells, and (D) trypsin-treated cells (T cells). Fluorograms are for 
(E, G) E cells and (F, H) T cells treated with [aH]DML vesicles. All vesicle  treatments were carried out for 
1 h at 2~  (A-F) 7.5% gels; (G, H) 15% gels. The positions of the molecular weight markers are shown: 
fl-galaetosidase (130,000); BSA (68,000); catalase (57,500); ovalbumin (43,500); Con A (27,000); and 
cytochrome c (13,400). 
EM  autoradiographs  of  cells  treated  with 
[3H]DML or [aH]DPL vesicles at 2~  show heavy 
labeling of the cell surface as seen in Fig. 3 a for a 
DML  treatment.  Incubation of cells with  either 
vesicle  type  at  37~  for  1  h  results  in  a  grain 
distribution similar to that previously reported by 
this laboratory (17) using radioactive dioleoyl leci- 
thin vesicles-namely, most of the label appears to 
be in the cytoplasm of the treated cells with little in 
the  nucleus and relatively small amounts associ- 
ated with the surface membrane (Fig. 3 b). Analy- 
sis of the lipids extracted from treated cells imme- 
diately after  incubation with  vesicles shows  that 
more  than  90%  of  the  radioactivity chromato- 
graphs as lecithin, thus indicating that the grains 
seen in the  autoradiographs are from the exoge- 
nously introduced lecithin, and not some degrada- 
tion product. 
To rule out the possibility that the radiolabeled 
phospholipids might be  redistributed by  the  or- 
ganic solvents used in EM specimen preparation, 
the following additional control was  carried out. 
Cells labeled in suspension with  [3H]DPL  (1  h; 
37~  were  washed three times and plated onto 
cultures  of  latex  bead-labeled  3T3  cells.  Latex 
bead labeling was used to permit positive identifi- 
cation of the unlabeled cell type (3T3) at the EM 
level.  After a  brief co-incubation of the  cells at 
37~  to  permit  attachment of  the  radiolabeled 
cells to the culture dish, the mixed cultures were 
fixed  and processed  for  EM  autoradiography as 
usual. EM autoradiographs of this control show no 
transfer of label from [aH]DPLqabeled cells to the 
nonradioactive, bead-labeled  3T3  cells.  Typical 
results both for a pair of cells separated by several 
microns and for a pair of cells in close  apposition 
are seen in Fig. 3c. 
Fig. 4 shows a typical scanning electron micro- 
graph of an EDTA-dissociated cell in the absence 
of vesicle  treatment.  Numerous projections and 
attachments to the glass substrate are visible (ar- 
rows;  Fig.  4a)  5  min after  plating of the  cells. 
Microvilli also appear to be extended away from 
the cell body. At high magnification the regions of 
the  cell  surface  between  projections  appear 
smooth  (Fig. 4b).  In contrast, cells treated with 
DPL vesicles for 1 h at 2~  differ from untreated 
cells  in  several  respects.  Few  microvilli extend 
outward  from  the  cell  surface  into  the  bathing 
medium (Fig. 4c),  but rather they appear to be 
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cellular projections extending onto the glass cover- 
slip are seen.  At higher magnification (Fig. 4d) 
the cell surface has a rough or bumpy appearance 
compared to controls (Fig. 4b). 
Trypsin- Treated Cells 
The interactions of DML and DPL vesicles with 
trypsinized cells were also studied. Depending on 
the  temperature  of vesicle-cell incubation,  these 
cells incorporate -1.5-2.5  ￿  less DML or DPL 
than nontrypsinized cells (Table I). In agreement 
with  this  finding,  EM  autoradiography  shows 
much  heavier surface accumulation of [3H]DML 
in EDTA-dissociated than in trypsin-treated cells 
(not shown).  Similar results were obtained using 
[aH]DPL vesicles. 
The  iodination pattern  in  trypsin-treated cells 
(Fig. 2 D)  is not significantly affected by vesicle 
treatments.  Furthermore,  the  two  protein bands 
(Fig.  2E,  G)  that  are  heavily  labeled  with 
[3H]DML  in  the  case of EDTA-dissociated cells 
are only lightly labeled (Fig. 2 F, H) in the case of 
trypsin-treated cells. 
Scanning  electron  micrographs  of  trypsin- 
treated cells (Fig. 5) were qualitatively similar to 
those of EDTA-dissociated cells (Fig. 4). Incuba- 
tion with DPL vesicles results in both a reduction 
in the number of microvilli projecting away from 
the cell (Fig. 5c) and a  rough appearance of the 
cell surface (Fig. 5d). The  degree of roughness, 
however,  is  obviously less  than  for  DPL  treat- 
ments of EDTA-dissociated cells (Fig. 4d). Scan- 
ning  electron  micrographs of DML-treated cells 
are  not  significantly different from  those  of the 
DPL treatments shown in Fig. 4 and 5. 
Fluorescence Microscopy 
Cells  treated  at  low  temperatures  with  DPL 
vesicles  containing  6-CF  show  a  bright  ring  of 
fluorescence (Fig. 6a, c) surrounding most of the 
cells in  the field of observation. The  intensity of 
this  fluorescence  is  greater  with  EDTA-disso- 
ciated (Fig. 6a) than trypsin-treated cells (arrows, 
Fig. 6c).  When  cells are incubated with fluores- 
cent vesicles at 37~  an even distribution of dye is 
seen  throughout  the  cell, with  only slight varia- 
tions in intensity from cell to cell (Fig. 6b, d). No 
significant differences in fluorescence intensity are 
seen  between  EDTA-dissociated  and  trypsin- 
treated  cells at  37~  Very  little fluorescence  is 
seen  in  control populations of cells treated with 
DPL  vesicles containing  no  6-CF  (Fig.  6e),  or 
with cells incubated with a solution of vesicles and 
untrapped dye. 
Temperature Dependence of Vesicle Uptake 
The temperature dependence of DML and DPL 
vesicle uptake by EDTA-dissociated and trypsin- 
treated cells is shown in Fig. 7.  Cells were incu- 
bated  for  1  h  at  the  indicated  temperature, 
washed, and assayed for the uptake of exogenous 
lecithin.  For  EDTA-dissociated cells,  DML  up- 
take is nearly constant between 20  ~ and 40~  but 
increases  markedly  below  about  19~176  For 
DPL,  vesicle  uptake  increases  with  decreasing 
temperatures  over the  entire  range  of tempera- 
tures  examined.  The  rate  of increase is greater, 
however, between 40  ~ and 30~  than between 30  ~ 
and 0~  Treatment of cells with trypsin (10 min, 
37~  before  incubation  with  vesicles markedly 
alters the temperature dependence of vesicle up- 
take. In the case of DML, the uptake between 0 ~ 
and 39~  becomes nearly temperature independ- 
ent.  For  DPL,  trypsinization  markedly  reduces 
vesicle uptake at low temperatures, resulting in an 
uptake profile with little temperature dependence. 
Prolonged trypsinization of cells (up to  30  min) 
does not further modify vesicle uptake. 
DISCUSSION 
Although this communication deals primarily with 
the adhesion pathway for vesicle uptake found at 
temperatures  below the  Tc  of DML  or DPL,  it 
should  be  noted  that  above  this  temperature  a 
different mechanism of uptake is indicated. Thus, 
significant  amounts  of  cell-associated  DML  or 
DPL can be released by trypsin when vesicle-cell 
incubations are carried out below the vesicle To, 
but only negligible amounts are released following 
incubations  above  this  temperature  (Table  II). 
The notion of different mechanisms of vesicle up- 
take above and below the vesicle T~ is also sup- 
ported by our EM autoradiographic studies (Fig. 
3) showing markedly different distributions of sil- 
ver grains over cells treated with  [3H]DML at 2 ~ 
vs. 37~  On the basis of our previous studies with 
V79 cells using "fluid" EYL or DOL vesicles (17, 
25,  26),  it  seems  likely that  the  mechanism  of 
DML  and  DPL  uptake  above  their  Tc  involves 
vesicle fusion with the cell surface. The finding of 
a  uniform  fluorescence  in  cells treated  at  37~ 
with DPL vesicles containing 6-CF (Fig. 6b, d) is 
also consistent with a fusion mechanism (37,  38) 
above the vesicle T,.. 
The uptake of DML or DPL vesicles described 
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vesicles for 1 h at (a) 2~  and (b) 37~  To rule out redistribution of radiolabeled lipids during processing 
of samples for electron microscopy, fibroblasts  labeled with [aH]DPL (1 h at 37~  were washed and plated 
onto bead-labeled (BL) cultures of BALB/c 3T3  cells and processed for EM autoradiography  (c).  No 
transfer of all-lipid was observed. Bars, 5 /zm. 
in this communication is not the result of a signifi- 
cant contribution of an endocytotic pathway since 
saturation  levels of uptake  are reached after only 
5-10 min of incubation at 37~  (Fig.  1). If vesicle 
uptake involves an active process, then incubation 
for  times  >5  min  should  increase  the  uptake. 
Additionally,  involvement  of  an  active  cellular 
process  requires  a  significant  increase  in  uptake 
RICHARD E.  PAGANO AND  MASATOSHI TAKEICHI  Vesicle-to-Cell  Adhesion  539 FIGURI~ 4  Scanning electron micrographs  of EDTA-dissociated cells.  (a and b) untreated controls; (c 
and d) D PL-treated (1 h at 2~  Arrows in Fig. 4 a indicate typical sites of attachment to glass substratum. 
Low magnification  =  x  7,000; high magnification =  x  28,000. 
with  increasing temperature.  However,  in  every 
case,  DML or DPL uptake  was either greater at 
lower temperatures or showed no significant tem- 
perature  effect  (Fig.  7).  Finally, pretreatment  of 
cells with  combined inhibitors of respiration and 
glycolysis (Table I) has virtually no effect on DPL 
uptake  and  results  in  only  a  small  inhibition 
(-20%)  of DML uptake at 37~ 
Our finding of a  relative insensitivity in DML 
and  DPL  uptake  in  the  presence  of  combined 
metabolic inhibitors (Table I) appears  to conflict 
with  the  recent  results  of Poste  and  Papahadjo- 
poulos  (31),  who  showed  that  such  treatments 
almost  completely  inhibit endocytosis of lecithin 
vesicles  in  another  cell  type  (BALB/c  3T3).  In 
addition,  they  reported  an enhanced vesicle  up- 
take  with  increasing temperatures  of vesicle-cell 
incubation, while we have observed just the oppo- 
site  (Fig.  7).  However,  a  direct  comparison  of 
their results with those presented here is not possi- 
ble because  of differences  in  a  number of varia- 
bles, e.g. cell type, conditions of vesicle-cell incu- 
540  THE  JOURNAL OF CELL BIOLOGY  ￿9  VOLUME 74,  1977 FmtIRE 5  Scanning electron micrographs of trypsin-treated cells. (a and b) untreated controls; (c and d) 
DPL-vesicle treated (1 h at 2~  Several spherical structures (-300-1,000 A diam) resulting from vesicle 
treatment are shown at arrows in Fig. 5 d. Low magnification = ￿  7,000; high magnification = ￿  28,000. 
bation, and composition of the lipid vesicles that 
were used. In particular, we wish to emphasize the 
last parameter, since, in the present study, vesicles 
were formed only with lecithins containing homo- 
geneous acyl chains. 
Evidence for Vesicle-  Cell 
Adsorption  (T < T~) 
The findings reported here support a vesicle-to- 
cell adsorption process at low temperature in both 
EDTA-dissociated and trypsin-treated cells. Scan- 
ning electron micrographs of V79 cells (Fig. 4d, 
5d)  reveal  a  characteristic bumpy surface  after 
vesicle  treatment.  The  size  of  such  "bumps" 
ranges from  -300 to  1,000 A, and is consistent 
with the adsorption of DPL or DML vesicles to 
the cell surface. DPL treatments of cells seem to 
hold  microvilli to  the  cell  body  along their  ex- 
tended length, preventing their full extension into 
the  bathing medium and inhibiting spreading of 
the  cells  onto  a  glass  substrate.  This  could  be 
RICHARD E.  PAGANO AND  MASATOSHI TAKEICHI  Vesicle-to-Cell Adhesion  541 FIGURE  6  Fluorescence micrographs of cells treated with DPL vesicles containing 6-carboxyfluorescein. 
Incubations were carried out for 30 min at 2 ~ or 37~  as follows. (a) E cells, 2~  (b) E cells, 37~  (c) T 
cells, 2~  and (d) T  cells, 37~  In control populations of cells (at arrows) incubated (30 min, 2~  with 
DPL vesicles containing no trapped dye, very little fluorescence was seen (e). SO 
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FIGURE 7  Temperature dependence of vesicle uptake by EDTA-dissoeiated  and trypsin-treated cells. 
(A) DML and (B) DPL. 
explained if the adsorbed vesicles act as a bridge, 
binding  different  regions of the  cell surface  to- 
gether.  EM  autoradiographs further  showed  an 
accumulation  (-90%)  of [SH]DML (Fig. 3a) or 
[aH]DPL at the cell periphery after a low tempera- 
ture incubation, suggesting that the adsorbed par- 
ticles seen in Figs. 4 and 5 represent applied vesi- 
cles.  Finally,  fluorescence  microscopy  of  cells 
treated with vesicles containing the water-soluble 
fluorescent  dye,  6-CF,  show  an  intense  ring  of 
fluorescence at their periphery (Fig. 6a, c). Such a 
pattern of fluorescence is additional evidence for a 
vesicle-to-cell adsorption process as the dominant 
pathway of uptake at temperatures below the vesi- 
cle To. 
Mode of Vesicle-to-Cell Adhesion 
Our data suggest the importance of cell surface 
proteins in the vesicle-to-cell  adsorption phenome- 
non  discussed above. The finding that  uptake of 
vesicles  by  EDTA-dissociated  cells  is  always 
greater  than  that  by  its  trypsinized counterpart 
suggests  that  a  trypsin-sensitive  material  is  re- 
quired for the greater binding of vesicles to the cell 
surface. The  significant release of DPL or DML 
from the cell surface by trypsin (Table II) is also 
consistent with the  involvement of a  cell surface 
protein moiety in  vesicle binding. Scanning elec- 
tron micrographs of cells (Figs. 4d, 5 d) show that 
the number of vesicles bound to the nonmicrovil- 
lous regions of EDTA-dissociated cell surfaces is 
much  greater than  in  trypsinized ceils. This sug- 
gests that the lower uptake of vesicles in trypsin- 
treated cells is not simply due to a reduction in the 
cell surface area available for vesicle-to-cell adhe- 
40 
sion which could arise from subtle differences in 
the diameter and number of microvilli in the two 
cell types. 
DML or DPL vesicle pretreatments of EDTA- 
dissociated ceils modified significantly the  lacto- 
peroxidase-catatyzed  iodination of some of the cell 
surface proteins. The modifications in gel patterns 
shown  in  Fig.  2  could  result  from  (a)  altered 
mobility of proteins in the gel due to the presence 
of tightly bound  exogenously  supplied DML  or 
DPL  lipids which  were  not completely removed 
(2, 14) from the cellular proteins by SDS solubili- 
zation and/or (b) a modified accessibility of some 
of the cell surface proteins to n~I labeling by lacto- 
peroxidase. While we cannot completely exclude 
the  first  possibility at  this  time,  the  absence  of 
heavily labeled [3H]DML bands in regions I, II, 
IV, and  V  of the fluorograph shown  in  Fig. 2 E 
suggests that the enhanced iodinated bands seen in 
those regions after vesicle treatment (Fig. 2 A-C) 
are not due to an anomalous migration of proteins 
in  gels resulting from  their incomplete delipida- 
tion. Our finding of an apparent inhibition of ~2~I 
labeling of the -60,00G-dalton mol wt cell surface 
proteins in the presence of adherent vesicles (Fig. 
2 A  vs. 2 B, C) is consistent with explanation (b) 
above.  Thus,  incubation  of cells with  [3H]DML 
vesicles followed by SDS polyacrylamide gel elec- 
trophoresis  and  fluorography  showed  that  the 
[SH]DML, although associated with a  number of 
protein  bands,  was  strongly  associated with  the 
two proteins whose iodination is inhibited by vesi- 
cle  pretreatments of cells (arrows; Fig. 2 E,  G). 
Furthermore,  this  association  was  considerably 
weakened or nearly absent (Fig. 2 F, H) in trypsin- 
treated cells which also exhibit a  greatly reduced 
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Figs. 4, 5). Thus, we conclude that vesicle binding 
to the surface of EDTA-dissociated cells involves 
a number of cell surface proteins, several of which 
have a  high affinity for vesicle lipid and  are pro- 
tected from iodination  as a  result of vesicle bind- 
ing. 
The  adsorption  of  DML  and  DPL  vesicles to 
cells may also involve a trypsin-insensitive protein 
or a nonprotein component of the cell surface. We 
suggest  that  vesicle  adhesion  to  trypsin-treated 
cells  may  involve  primarily  such  nonprotein  re- 
gions  of  the  cell  surface,  whereas  adhesion  to 
EDTA-dissociated cells involves both protein and 
nonprotein  elements. In agreement with this idea 
is our finding that DML or DPL vesicle treatments 
of cells affects the  iodination  pattern  in  EDTA- 
dissociated  but  not  trypsinized  cells.  Since  the 
binding of DML or DPL vesicles to EDTA-disso- 
ciated  cells at  low  temperatures  is  much  greater 
than to trypsin-treated cells, adsorption  to surface 
proteins probably dominates the uptake process at 
this  temperature.  With  increasing  temperatures, 
the levels of vesicle uptake  by the two cell types 
approach  one  another  (Fig.  7),  suggesting  that 
adsorption  to  the  nonprotein  part  prevails.  We 
speculate that this nonprotein  part of the cell sur- 
face involved in vesicle uptake  may represent  ac- 
cessible regions of plasma membrane lipids. 
In  the  present  study,  we  have  shown  that  be- 
low their T~, DML and DPL lipid vesicles adhere 
mostly  to  a  trypsin-sensitive  material  on  the  sur- 
face of EDTA-dissociated cells. Our findings sug- 
gest a  possible pathway  for intercellular adhesion 
involving  both  protein  and  lipid.  According  to 
such a  scheme, trypsin-sensitive materials on one 
cell  surface,  which  have  the  ability  to  combine 
with some of the exposed lipids from the plasma- 
lemma  of another  cell,  result  in  the  adhesion  of 
two surfaces.  By analogy to our finding that only 
"solid" vesicles such as DML or DPL below their 
T~  form  stable  adhesions  to  cells,  it  is suggested 
that  the  lipids  in  those  regions  of plasma  mem- 
brane  involved in cell-to-cell adhesions are highly 
specialized,  probably  containing  relatively  high 
proportions  of  "rigid"  or  saturated  acyl  chains 
compared  to  the  plasma  membrane  as  a  whole. 
Such  a  model  differs  from  current  ideas  on  the 
molecular basis  for intercellular adhesion  of cells 
which  emphasize  either  specific  interactions  be- 
tween  cell surface  proteins  and/or  carbohydrates 
of  contacting  cells,  or  interactions  between  the 
plasma  membrane  lipid bilayers  of adjacent  cells 
(10,  11, 34). The proposed model is not intended 
to explain specific interactions between cells, how- 
ever, the present findings do suggest that lipid and 
protein  interactions between contacting cells may 
be important in stabilizing specific membrane con- 
tacts once formed. 
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